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Abstract
We analyze the prospects for observing CPT violation using neutral-
meson P 0-P 0 systems. Before one can claim a measurement of CPT
violation, one must be able to rule out the possibility that its result is due
to simpler new-physics effects. In particular, one must be able to separate
the CPT-violating quantities from parameters violating the ∆P = ∆Q
rule of semileptonic decays, and from new-physics contributions to the
production mechanism of the neutral mesons. One can isolate CPT vi-
olation using the semileptonic decays of single, tagged neutral mesons;
unfortunately, this situation cannot be implemented at the Υ(4S). For
P 0P 0 pairs produced in a correlated parity-odd state we show that, by
combining the di-lepton with the single-lepton decays, it is in principle
possible to extract unambiguously one CPT-violating parameter. Finally,
we develop the formalism necessary for describing new-physics effects in
the production mechanism; this includes both cascade decays and viola-
tions of the rule of associated production.
1
1 Introduction
The “CPT theorem” states that any local field theory with hermitian, Lorentz-
invariant interactions obeying the spin-statistics connection is necessarily CPT-
invariant [1]. Although the assumptions of this theorem—and thus the validity
of its conclusion—are generally taken for granted, the question of whether CPT
is violated or not should ultimately be settled through accurate, high-precision
experiments.
The most elementary consequences of CPT invariance are the equal val-
ues of the masses and lifetimes, and the symmetrical values of the magnetic
moments, of a particle and its antiparticle. Unfortunately, in these cases the
prospective CPT violation is expected to be a small perturbation in quanti-
ties which are dominated by much stronger interactions. For instance, the
difference between the masses of K+ and K− has an experimental bound [2]
|mK+ −mK− | / (mK+ +mK−) <∼ 10−4; however, this bound is not very mean-
ingful, since mK+ and mK− are dominated by the strong interaction, while
one would expect CPT violation to be at best of miliweak or even superweak
strength.
In contrast, the mixing between a neutral meson P 0 and its antiparticle P 0
(here P 0 may be either K0, D0, B0d, or B
0
s ) is a second-order electroweak effect.
The smallness of the mixing makes it an ideal setting to look for small violations
of the symmetries CP, T, and CPT. In fact, CP violation was first established
[3] in the K0-K0 system, and has thus far eluded experimental detection in any
other system. Recently, the CPLEAR Collaboration has presented the results
of its search for T violation [4] and CPT violation [5] in K0-K0 mixing, and the
OPAL Collaboration has looked for CPT-violating effects in the B0d-B
0
d system
[6]. Detailed experiments on the K0-K0 and B0d-B
0
d systems are planned at the
φ- and Υ(4S)-factories, respectively.
Most of these experiments involve one or both of the following crucial steps:
1) determining the flavor of the initial meson (this procedure is called “tagging”);
2) determining the flavor of the meson at decay time, which is usually done by
looking for semileptonic final states. When one is searching for CPT violation
one must face the possibility that both steps are affected by new physics; one
must make sure that what is assumed to be a measurement of CPT violation is
not, in reality, a measurement of a much less revolutionary new-physics effect.
The semileptonic decays of the mesons obey, in the standard model (SM)
and to first order in the electroweak interaction, the ∆P = ∆Q rule (Q is
the hadrons’ charge, and P the flavor quantum number of the heaviest quark
in the decaying meson). That is, in the SM, the decays P 0 → X−l+νl and
P 0 → X+l−ν¯l are allowed, while the decays P 0 → X+l−ν¯l and P 0 → X−l+νl
(which have ∆P = −∆Q) are only possible at second order in the electroweak in-
teraction. (Here, X± denotes a pair of arbitrary CP-conjugate hadronic states.)
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It is usual to define the parameters
xl =
〈X−l+νl|T |P 0〉
〈X−l+νl|T |P 0〉 ,
x¯l =
〈X+l−ν¯l|T |P 0〉∗
〈X+l−ν¯l|T |P 0〉∗
. (1)
Their phases are not rephasing-invariant and, therefore, they are physically
meaningless. On the other hand, the magnitudes of xl and of x¯l are physically
meaningful, and they are generally assumed to be small. If xl and x¯l do not
vanish, then they will obscure the identification of CPT violation.
The tagging strategies used in most experiments assume that, for any given
event, there is a clear signal of the initial flavor of the neutral meson. The
basic idea is rooted in the fact that the interactions of the gluon, photon, and
Z0 are flavor-conserving. For example, in the CPLEAR experiment [4, 5] the
neutral kaons are produced by the strong interaction through the reactions
pp¯ → K−π+K0 and pp¯ → K+π−K0; the sign of the charge of the charged
kaon identifies the initial flavor of the associated neutral meson. This is known
as the rule of associated production. Another example occurs at the Z0 pole,
when B0 is produced in association with B− and a set of particles with total
charge +1. Detecting the B−, either by reconstruction or through its subse-
quent semileptonic decay—assuming the ∆B = ∆Q rule—one tags the initial
flavor of the neutral meson. This was the strategy followed by the OPAL Col-
laboration [6]. In these cases, the production of the “wrong” neutral meson
would mean the existence of a |∆P | = 2 interaction. However, given that such
an interaction would also contribute to P 0-P 0 mixing, its contribution to the
production process is usually assumed to be negligibly small.
This is no longer the case when the production process is due to the |∆P | = 1
interaction of the W boson, such as in cascade decays. For example, one may
wish to study the K0-K0 system in the decay chain B0d → J/ψK0 → J/ψf .
In the SM, the analysis of this decay [7] is based on the fact that the decay
B0d → J/ψK0 does not exist at tree level: there are ∆B = −∆S transitions,
but no ∆B = ∆S transitions. However, new-physics effects might alter this
situation. One must be able to rule out such effects before these processes
can be used to look for violations of CPT. Similarly [8], one has access to the
D0-D0 system through the decay chain B− → K−{D0, D0} → K−f . Here
the situation is more complicated because both amplitudes B− → K−D0 and
B− → K−D0 exist, even within the SM [8, 9].
Measurements of CPT violation in tagged decays of neutral kaons have
been discussed in the literature, sometimes including the possibility that the
∆S = ∆Q rule is violated [10, 11, 12, 13, 14]. The subject has resurfaced in
recent analyses [15, 16] of the claim of an observation of T violation by the
CPLEAR Collaboration [4]. The possibility of a measurement of CPT-violating
effects in the regeneration of neutral kaons has also been discussed [14, 17].
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Measurements of CPT violation at the Υ(4S)-factories have been considered
either assuming the ∆B = ∆Q rule [18, 19, 20], or making some simplifying
assumptions about the nature of the ∆B = −∆Q amplitudes [21]. Conversely,
the experimental search for ∆S = −∆Q amplitudes in neutral-kaon decays [22],
and the theoretical discussion of a search for ∆B = −∆Q amplitudes at the
Υ(4S)-factories [23], have been made assuming CPT invariance. Xing [24] has
recently shown that it is impossible to disentangle the violation of CPT from
∆B = −∆Q transitions by using exclusively di-lepton decays of the Υ(4S); we
confirm his result here.
In this article we present a study of the measurements of CPT violation
enabled by semileptonic decays, and of their impediment due to new-physics
effects. We consider for the first time the impact of mis-taggings in the produc-
tion process, and we relate our results to Xing’s conclusion on the impossibility
to disentangle CPT-violating amplitudes from ∆B = −∆Q amplitudes in di-
lepton events at the Υ(4S). However, we also consider single-lepton events, and
we show that that separation is in principle possible through a combination of
single- and di-lepton events. We stress that the situation described by tagged
decays cannot be implemented at the Υ(4S), if we allow for violations of the
∆P = ∆Q rule.
We define our notation in section 2. In section 3 we discuss decays in which
one has tagged the initial flavor of the neutral meson through the rule of asso-
ciated production. In section 4 we focus on neutral-meson pairs produced in a
parity-odd state, such as the K0K0 pairs from the decay of the φ resonance,
and the B0dB
0
d pairs produced at the Υ(4S). In section 5 we show that the
presence of new physics in the production process will impede the extraction of
the CPT-violating parameters. We draw our conclusions in section 6.
2 Mixing formalism
We start by discussing the mixing of P 0 and P 0 in the Wigner–Weisskopf for-
malism, when CPT violation is allowed for. We do this in order to introduce a
convenient parametrization of the violation of T and CPT in the mixing, and to
establish our notation. All equations in this section are exact, and we are careful
to identify the reparametrization-invariant quantities; only those quantities are
physically meaningful.
The time evolution of
|ψ(t)〉 = ψ1(t)|P 0〉+ ψ2(t)|P 0〉 (2)
is given by
i
d
dt
(
ψ1(t)
ψ2(t)
)
=
(
R11 R12
R21 R22
)(
ψ1(t)
ψ2(t)
)
. (3)
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The eigenvalues of R are denoted µa and µb. Their sum is given by the trace of
R:
µa + µb = R11 +R22. (4)
The right-eigenvectors of R corresponding to the eigenvalues µa and µb are
(pa, qa)
T and (pb,−qb)T , respectively:(
R11 R12
R21 R22
)(
pa
qa
)
= µa
(
pa
qa
)
,(
R11 R12
R21 R22
)(
pb
−qb
)
= µb
(
pb
−qb
)
. (5)
Therefore,
qa
pa
=
µa −R11
R12
=
R21
µa −R22 ,
qb
pb
=
R11 − µb
R12
=
R21
R22 − µb . (6)
Equations (4) and (6) imply
θ =
(
qa
pa
− qb
pb
)
/
(
qa
pa
+
qb
pb
)
=
R22 −R11
µa − µb . (7)
In order to avoid using the three non-independent quantities qa/pa, qb/pb, and
θ, it is convenient to introduce
q
p
=
√
qaqb
papb
=
√
R21
R12
. (8)
Notice that we do not define the quantities q and p separately; we only define
the ratio q/p. From Eqs. (7) and (8) it follows that
√
1− θ2 = 2 q
p
/
(
qa
pa
+
qb
pb
)
. (9)
The CPT-violating parameter θ will later be assumed to be small. We shall
then make the approximation
√
1− θ2 ≈ 1.
It follows from Eqs. (2), (3), and (5) that the states
|Pa〉 = pa|P 0〉+ qa|P 0〉,
|Pb〉 = pb|P 0〉 − qb|P 0〉 (10)
evolve in time as
|Pa(t)〉 = e−iµat|Pa〉,
|Pb(t)〉 = e−iµbt|Pb〉. (11)
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We do not have to make any assumption about the normalization of |Pa〉 and
of |Pb〉. We also do not have to make any assumption either about the relative
phase of |Pa〉 and |Pb〉, or about the relative phase of |P 0〉 and |P 0〉. Indeed,
one is free to change the phase of the kets |P 0〉 and |P 0〉:
|P 0〉 → eiγ |P 0〉,
|P 0〉 → eiγ |P 0〉. (12)
The invariance of the state vector |ψ(t)〉 under this rephasing implies that
ψ1(t) → e−iγψ1(t),
ψ2(t) → e−iγψ2(t). (13)
Therefore, from Eq. (3),
R12 → ei(γ−γ)R12,
R21 → ei(γ−γ)R21, (14)
while R11 and R22 do not change. The trace and the determinant of R are
invariant under the transformation in Eqs. (14). Therefore, µa and µb are
invariant too. Thus, θ is invariant under a rephasing of |P 0〉 and |P 0〉. Both
the real and the imaginary parts of θ are physically meaningful. They violate
CP and CPT. On the contrary, the phase of the parameter q/p in Eq. (8)
is not invariant under the rephasing in Eqs. (14); as a result, it is physically
meaningless. However, the modulus of q/p is physically meaningful; the real
parameter
δ =
(
1−
∣∣∣∣ qp
∣∣∣∣
2
)
/
(
1 +
∣∣∣∣ qp
∣∣∣∣
2
)
=
|R12| − |R21|
|R12|+ |R21| (15)
violates CP and T.
In summary, the P 0-P 0 mass matrix has two CP- and CPT-violating param-
eters (Re θ and Im θ), and one CP- and T-violating parameter (δ). In addition,
it has four C-, P- and T-invariant quantities:
ma = Reµa, Γa = −2 Imµa,
mb = Reµb, Γb = −2 Imµb. (16)
These are sometimes traded for
m =
ma +mb
2
, Γ =
Γa + Γb
2
, (17)
and
x =
ma −mb
Γ
, y =
Γa − Γb
2Γ
. (18)
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3 Tagged decays
Let us consider a neutral meson which is identified as a P 0 (P 0) at time t = 0.
Using Eqs. (7)–(11), one finds that this state is given at time t by
|P 0(t)〉 = g+(t)|P 0〉+ g−(t)
(
q
p
√
1− θ2|P 0〉 − θ|P 0〉
)
,
|P 0(t)〉 = g+(t)|P 0〉+ g−(t)
(
p
q
√
1− θ2|P 0〉+ θ|P 0〉
)
, (19)
respectively. Here,
g±(t) = 12
(
e−iµat ± e−iµbt) . (20)
We now seek the quantities which can be measured when |P 0(t)〉 and |P 0(t)〉
decay into a final state f . We define
Af = 〈f |T |P 0〉, A¯f = 〈f |T |P 0〉. (21)
Equations (19) depend on two independent functions of the decay time, g+(t)
and g−(t). Therefore, one will in principle be able to measure the ratio of the
coefficients of the two functions,
E =
q
p
A¯f
Af
√
1− θ2 − θ,
E¯ =
p
q
Af
A¯f
√
1− θ2 + θ. (22)
We cannot compare the normalization of the decay rates corresponding to dif-
ferent final states unless simplifying assumptions are made. For example, some
authors assume that there are no electromagnetic final-state interactions, or that
CPT violation is absent in the decay process, or that there is no T violation in
the mixing of the neutral mesons. We would argue that all these effects must
be considered when looking for CPT violation, which is in itself dramatically
non-standard.
We stress that the observables in Eqs. (22) contain the maximal information
that may be extracted from the time dependence of the decay rate. It is possi-
ble that particular phenomenological or experimental conditions only allow the
extraction of part of this information from the actual decay curves. In order to
see this, consider the explicit decay rates:
Γ[P 0(t)→ f ] = |Af |2
{
|g+(t)|2 + |E|2 |g−(t)|2 + 2Re
[
Eg∗+(t)g−(t)
]}
,
Γ[P 0(t)→ f ] = |A¯f |2
{
|g+(t)|2 +
∣∣E¯∣∣2 |g−(t)|2 + 2Re [E¯g∗+(t)g−(t)]} . (23)
Since the functions |g+(t)|2, |g−(t)|2, Re
[
g∗+(t)g−(t)
]
, and Im
[
g∗+(t)g−(t)
]
are
linearly independent, one can measure the quantities in Eqs. (22) by tracing
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the time dependence of the decays of single, tagged P 0 or P 0. However, if for
instance the two eigenstates have equal decay widths, i.e., if Γa = Γb, then
the function Re
[
g∗+(t)g−(t)
]
will vanish and less information will be available.
Thus, in the ensuing discussions we address the best possible scenario. Actual
experiments may be considerably more problematic.
3.1 Decays into semileptonic final states
Consider the particular case of the semileptonic decays. The parameters xl
and x¯l were defined in Eqs. (1). We shall not need to assume any relationship
between xl and x¯l; in particular, we shall not assume CPT invariance of the
decay amplitudes. Now, xl and x¯l are not invariant under the rephasing of |P 0〉
and |P 0〉 in Eqs. (12). The rephasing-invariant, physically meaningful quantities
are
λl =
q
p
xl, λ¯l =
p
q
x¯∗l . (24)
They will be assumed to be small. If one observes the tagged decays to the
semileptonic state X−l+νl, one can in principle measure the corresponding pa-
rameters E and E¯, namely,√
1− θ2λl − θ ≈ λl − θ,√
1− θ2 (λl)−1 + θ ≈ (λl)−1 . (25)
If one observes the tagged decays to X+l−ν¯l, one measures√
1− θ2 (λ¯l)−1 − θ ≈ (λ¯l)−1 ,√
1− θ2λ¯l + θ ≈ λ¯l + θ. (26)
In both Eqs. (25) and (26) we have made the approximation of neglecting the
products of any two small parameters like θ, λl, or λ¯l. One sees that, by using
the decays of single tagged mesons, one can in principle separate the CPT-
violating parameter θ from the ∆P = −∆Q parameters λl and λ¯l. Thus, one
can measure CPT violation with tagged decays.
Unfortunately, as will be shown in section 5.1, this strategy cannot be im-
plemented at the Υ(4S).
3.2 About the searches for ∆P = −∆Q amplitudes
The primary aim of this article is to stress the impact that simple new-physics
effects may have on experiments seeking to measure violations of CPT. We now
want to point out that the converse is also true. In particular, the experiments
performed in the 70’s in order to measure violations of the ∆S = ∆Q rule in
the semileptonic decays of the neutral kaons have disregarded the possibility of
CPT violation. Let us take P 0 to be K0 and P 0 to be K0. For the subscripts
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which label the eigenstates of propagation we use a → L and b → S, referring
to the long-lived and to the short-lived neutral kaon, respectively. Denoting
λe =
q
p
〈π−e+ν|T |K0〉
〈π−e+ν|T |K0〉 ,
λ¯e =
p
q
〈π+e−ν|T |K0〉
〈π+e−ν|T |K0〉 , (27)
one easily finds
Γ[K0(t)→ π−e+ν] = |〈π
−e+ν|T |K0〉|2
4
∣∣∣(1−√1− θ2λe + θ) e−iµSt
+
(
1 +
√
1− θ2λe − θ
)
e−iµLt
∣∣∣2 ,
Γ[K0(t)→ π+e−ν] = |〈π
+e−ν|T |K0〉|2
4
∣∣∣(√1− θ2 − λ¯e − θλ¯e) e−iµSt
−
(√
1− θ2 + λ¯e − θλ¯e
)
e−iµLt
∣∣∣2 1− δ
1 + δ
. (28)
These expressions should be compared with those used in fitting the experimen-
tal data [22],
Γ[K0(t)→ π∓e±ν] ∝ ∣∣(1 + xe) e−iµSt ± (1− xe) e−iµLt∣∣2 . (29)
It is seen that the parameter xe to which the decay curves have been fitted
becomes ill-defined when one allows for CPT violation; in one case one has
xe ≈ θ − λe, in the other one it is xe ≈ −λ¯e.
Anyway, we may state that the search for ∆S = −∆Q amplitudes has pro-
vided a loose, indirect bound on CPT violation in K0-K0 mixing; since one has
obtained xe <∼ 10−2, one can also state that θ <∼ 10−2. Indeed, if θ were much
larger than this, its effect should be visible in the analysis of the decay curves
in Eqs. (28).
Similarly, the search for ∆B = −∆Q amplitudes at the Υ(4S)-factories has
been discussed assuming CPT invariance [23].
4 Decays from a correlated state
Let us consider the correlated state with P- and C-parity −1 which, at time
t = 0, is
φ− = 1√
2
[
|P 0(~k)〉 |P 0(−~k)〉 − |P 0(~k)〉 |P 0(−~k)〉
]
, (30)
where ~k and−~k denote the opposite three-momenta of the two mesons. Consider
what can be measured using the correlated state in Eq. (30). Let the meson with
momentum ~k decay at time t1 into a state f , and the meson with momentum
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−~k decay at time t2 into a state g. Using Eqs. (19) one finds that the decay
amplitude may be written in the form
〈f, t1; g, t2|T |φ−〉 = a [g+(t1)g+(t2)− g−(t1)g−(t2)]
+b [g+(t1)g−(t2)− g−(t1)g+(t2)] , (31)
where
a = Af A¯g − A¯fAg,
b =
√
1− θ2
(
p
q
AfAg − q
p
A¯f A¯g
)
+ θ
(
Af A¯g + A¯fAg
)
. (32)
Since the decay amplitude in Eq. (31) depends on two independent time func-
tions, we may in principle extract the ratio of their coefficients:
F =
b
a
=
θAf A¯g + θA¯fAg +
p
q
√
1− θ2AfAg − qp
√
1− θ2A¯f A¯g
Af A¯g − A¯fAg
. (33)
Indeed, by observing the shape of the dependence on t1 and on t2 of the decay
rate,
∣∣〈f, t1; g, t2|T |φ−〉∣∣2 = |a|2 e−Γ(t1+t2)
{
1 + |F |2
2
cosh [Γy (t1 − t2)]
+ReF sinh [Γy (t1 − t2)]− ImF sin [Γx (t1 − t2)]
+
1− |F |2
2
cos [Γx (t1 − t2)]
}
, (34)
one can determine F . It turns out that, as a matter of fact, one can measure F
even if one integrates the decay rate over t1 + t2, as long as one still follows its
dependence on t1 − t2. Indeed,∫ +∞
|t1−t2|
1
2 d (t1 + t2)
∣∣〈f, t1; g, t2|T |φ−〉∣∣2 (35)
is identical with the right-hand side of Eq. (34) but for the overall factor, which
is |a|2 exp (−Γ |t1 − t2|) / (2Γ) instead of |a|2 exp [−Γ (t1 + t2)].
4.1 Di-lepton decays
In the measurable quantity of Eq. (33), let us suppose that f is the semileptonic
state X−l+νl, while g is another semileptonic state, which has a charged lepton
with the same electric charge, X ′−l′+νl′ . The quantity F in Eq. (33) then reads
θxl′ + θxl +
p
q
√
1− θ2 − q
p
√
1− θ2xlxl′
xl′ − xl ≈ (λl
′ − λl)−1 . (36)
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We have once again made the approximation of neglecting the products of any
two small parameters like θ, λl, and λl′ . Let us now suppose that f is the
semileptonic state X+l−ν¯l, while g is the semileptonic state X ′+l′−ν¯l′ , with a
charged lepton with the same electric charge. The quantity F then reads
θx¯∗l + θx¯
∗
l′ +
p
q
√
1− θ2x¯∗l x¯∗l′ − qp
√
1− θ2
x¯∗l − x¯∗l′
≈ (λ¯l′ − λ¯l)−1 . (37)
If, instead, the two semileptonic states detected in opposite sides of the detector
have charged leptons with opposite electric charge, then the quantity in Eq. (33)
is either
θ + θxlx¯
∗
l′ +
p
q
√
1− θ2x¯∗l′ − qp
√
1− θ2xl
1− xlx¯∗l′
≈ θ + λ¯l′ − λl (38)
or, with l↔ l′,
θ + θxl′ x¯
∗
l +
p
q
√
1− θ2x¯∗l − qp
√
1− θ2xl′
1− xl′ x¯∗l
≈ θ + λ¯l − λl′ . (39)
We thus conclude that, by using the decays of the correlated state φ−, one
can—at least in principle—measure the four linear combinations of small pa-
rameters
λl′ − λl,
λ¯l′ − λ¯l,
θ + λ¯l′ − λl,
θ + λ¯l − λl′ . (40)
This means that it is impossible to disentangle the CPT-violating parameter θ
from the ∆P = −∆Q parameters λl and λ¯l by using di-lepton events alone.
This conclusion was also arrived at by Xing [24].
4.2 Single-lepton events
Let us consider again the correlated state in Eq. (30). We shall now study events
in which the final state f is observed in one side of the detector, irrespectively of
the decay occurring in the opposite side. This corresponds to integrating over t2
and summing over all final states g. Using the unitarity conditions in Eqs. (64)
and (65) of the Appendix, one easily shows [25] that
Γ[φ− → f ](t1) =
∫ +∞
0
dt2
∑
g
(∣∣〈f, t1; g, t2|T |φ−〉∣∣2 + ∣∣〈g, t2; f, t1|T |φ−〉∣∣2)
= Γ[P 0(t1)→ f ] + Γ[P 0(t1)→ f ], (41)
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where Γ[P 0(t1) → f ] is the rate for a single, tagged P 0 to decay into the final
state f at time t1, while Γ[P 0(t1)→ f ] is the decay rate for a single tagged P 0.
These rates have been given in Eqs. (23). One finds
Γ[φ− → f ](t) = |g+(t)|2
(|Af |2 + |A¯f |2)
+ |g−(t)|2
{(
|θ|2 +
∣∣1− θ2∣∣ 1 + δ2
1− δ2
)(|Af |2 + |A¯f |2)
+
∣∣1− θ2∣∣ 2δ
1− δ2
(|Af |2 − |A¯f |2)
+2Re
[
θ∗
√
1− θ2
(
p
q
Af A¯
∗
f −
q
p
A∗f A¯f
)]}
+2Re
{
g∗+(t)g−(t)
[
θ
(|A¯f |2 − |Af |2)
+
√
1− θ2
(
q
p
A∗f A¯f +
p
q
Af A¯
∗
f
)]}
. (42)
Consider the particular case in which f is the semileptonic state X−l+νl.
The small parameters are δ (which violates T and CP), θ (which violates CPT
and CP), and λl (which violates the ∆P = ∆Q rule). Working out Eq. (42) to
subleading order in those parameters, one finds
Γ [φ− → X−l+νl] (t)
|〈X−l+νl|T |P 0〉|2 ≈ |g+(t)|
2
+ |g−(t)|2 (1 + 2δ)
+2Re
[
g∗+(t)g−(t)
]
[−Re θ + 2 (1 + δ)Reλl]
+2 Im
[
g∗+(t)g−(t)
]
(Im θ + 2δImλl) . (43)
Let us instead take f to be the semileptonic final state X+l−ν¯l. We find
Γ [φ− → X+l−ν¯l] (t)
|〈X+l−ν¯l|T |P 0〉|2
≈ |g+(t)|2 + |g−(t)|2 (1− 2δ)
+2Re
[
g∗+(t)g−(t)
] [
Re θ + 2 (1− δ) Re λ¯l
]
−2 Im [g∗+(t)g−(t)] (Im θ + 2δIm λ¯l) . (44)
The functions of time |g+(t)|2, |g−(t)|2, Re
[
g∗+(t)g−(t)
]
, and Im
[
g∗+(t)g−(t)
]
are independent. Therefore, the three ratios of their coefficients may in princi-
ple be extracted from experiment. One sees that, if one neglects the sublead-
ing terms, then the coefficients of the time function Im
[
g∗+(t)g−(t)
]
yield the
CPT-violating parameter Im θ. On the other hand, Re θ cannot, even in this
approximation, be separated from Reλl or Re λ¯l.
If one does not neglect the subleading terms, then one can determine the T-
violating parameter δ from the coefficients of the function |g−(t)|2. On the other
hand, even if one measures a non-zero coefficient of Im
[
g∗+(t)g−(t)
]
, one cannot
ascertain that one has found CPT violation. This is because of the subleading
terms δImλl or δIm λ¯l, which are CPT-invariant.
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4.3 Combining single-lepton and di-lepton events
So far, we have separately discussed the impact that CPT violation and wrong-
charge semileptonic decays have on correlated decays into two semileptonic and
into one semileptonic final state. Schematically, we have found that
φ− → l+l− =⇒
{
Re θ +Re λ¯l − Reλl
Im θ + Im λ¯l − Imλl , (45)
φ− → l+ =⇒
{
2Reλl − Re θ
2δImλl + Im θ
, (46)
φ− → l− =⇒
{
2Re λ¯l +Re θ
2δIm λ¯l + Im θ
. (47)
Combining the first lines of Eqs. (46) and (47) we may extract 2Re
(
θ + λ¯l − λl
)
,
which is the same information as in the first line of Eq. (45). Thus, Re θ cannot
be disentangled from Re
(
λ¯l − λl
)
.
On the other hand, one can combine the di-lepton and single-lepton events
to extract Im θ. In fact, we may combine the second lines of Eqs. (46) and
(47) to extract δIm
(
λ¯l − λl
)
. This yields Im
(
λ¯l − λl
)
, provided one is able to
determine δ from the coefficients of |g−(t)|2 in the single-lepton events. Then,
by comparing Im
(
λ¯l − λl
)
with the second line of Eq. (45), one can determine
Im θ unambiguously.
We conclude that the decays of the correlated state |φ−〉 can, in principle, be
used to disentangle violations of CPT from violations of the ∆P = ∆Q rule in
semileptonic decays. However, this only happens in the imaginary parts of the
parameters; the real parts remain un-separated, even if one takes into account
both di-lepton and single-lepton events.
It is important to observe that this determination of Im θ is possible even
in the case Γa = Γb, which is expected to hold to a good approximation in
the B0d-B
0
d system. Indeed, in that case the measurement of the first lines of
Eqs. (45)–(47) will be impossible, but the measurement of their second lines
will still be feasible. Thus, the extraction of Im θ will not be impeded by an
approximate equality of the decay widths of the two eigenstates of mixing.
5 New-physics effects in the production mecha-
nism
We have shown in section 3 that one may in principle separate the CPT-violating
parameter θ from the ∆P = −∆Q parameters λl and λ¯l by following the time
dependence of the semileptonic decays of single tagged mesons. We recall that by
“tagged meson” we mean a neutral meson whose flavor has been unequivocally
determined at time t = 0. This is normally done by evoking the rule of associated
production, which is based on the flavor-conserving nature of the interactions of
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the gluon, photon, or Z0, that are responsible for most production mechanisms.
It states that, if an initial state i decays into a neutral meson together with
a tagging state n, then the flavour of n is opposite to the one of the neutral
meson.
To be specific, let us consider the conditions at CPLEAR. There one starts
with i = pp¯ and one looks for the charge of the kaon in the state n = K−π+.
Since the strong interaction preserves flavor, this will identify as K0 the neutral
meson produced in association with n. Conversely, if the charged kaon has
positive charge, then n = K+π− and the neutral meson is K0. In reality,
there could be a small |∆S| = 2 interaction enabling the production process
pp¯→ K+π−K0. This would destroy the rule of associated production, and one
would lose the notion of tagged decays. However, that |∆S| = 2 effect would
also contribute to K0-K0 mixing and, thus, one would expect it to be negligibly
small.
On the contrary, new-physics effects in the production mechanism may be
important when the production is due to the interaction of the W boson. Here
we should consider two cases, depending on whether the leading-order SM pro-
duction mechanism allows for only one (say, P 0) or both (P 0 and P 0) neutral
mesons to be produced in the final state.
The decay B0d → J/ψK0 constitutes an example of the first case. To leading
order in the SM this decay takes place, while B0d → J/ψK0 does not. (These
processes are called “semileptonic-type decays” by Kostelecky´ and collaborators
[21].) In principle one could use the subsequent evolution of the neutral kaon
in order to test its properties; in practice, since those properties are rather well
tested in direct decays of neutral kaons, these cascade decays should be used
instead to probe the properties of the B0d-B
0
d system [7]. In this particular case,
the initial state can evolve into its CP conjugate. We shall not consider such
cases any further, but we stress that even a small new-physics amplitude to the
process B0d → J/ψK0 will affect those analyses.
There are also cascade decays in which both neutral mesons can arise in
the intermediate state, even within the SM. For example, one may want to use
the copious production of B− at the Υ(4S), together with a subsequent decay
B− → K−D0, in order to probe the decays of the D0 into some final state
f . However, in this case there is another possibility. Although suppressed by
about an order of magnitude in amplitude, the process B− → K−D0 is also
allowed in the SM. Thus, if both D0 → f and D0 → f are allowed, there are
two interfering decay paths: B− → K−D0 → K−f and B− → K−D0 → K−f .
This is actually at the root of the Gronau–London–Wyler [26] and Atwood–
Dunietz–Soni [27] methods to determine the CP-violating phase γ. In those
methods one assumes that there is no D0-D0 mixing; in that case, there is no
interference effect for those final states f into which either D0 or D0 cannot
decay. Recently, Meca and Silva [8] have shown that the presence of D0-D0
mixing gives rise to a new interference effect, between the amplitudes of the
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decays into the D0-D0 system, on the one hand, and the mixing in that system,
on the other hand. One of the consequences of this result is that, even if we
look for a final state f into which D0 cannot decay, there will be two interfering
paths: the unmixed decay path B− → K−D0 → K−f ; and the mixed decay
path B− → K−D0 → K−D0 → K−f . This effect makes it possible to test
new sources of CP violation, and might provide a handle on ∆m in the D0-D0
system [8, 9].
We shall consider the general situation in which the initial state i can lead
both to the state n together with P 0, and to the state n together with P 0. That
is, we assume that
ci = 〈nP 0|T |i〉 and c¯i = 〈nP 0|T |i〉 (48)
are both non-vanishing. Then, the production process leads to the superposition
of P 0 and P 0 given by
|ψi〉 = ci|P 0〉+ c¯i|P 0〉. (49)
Using Eqs. (19), we find that this state evolves into
|ψi(t)〉 = g+(t)
(
ci|P 0〉+ c¯i|P 0〉
)
+ g−(t)
[
ci
(
q
p
√
1− θ2|P 0〉 − θ|P 0〉
)
+c¯i
(
p
q
√
1− θ2|P 0〉+ θ|P 0〉
)]
(50)
at time t. Suppose that one observes experimentally the time dependence of the
overall process
i→ n
{
P 0, P 0
}
→ nf. (51)
Recalling that g+(t) and g−(t) are independent functions, we conclude that this
allows in principle the determination of
Eˆ =
ci
(
q
p
√
1− θ2A¯f − θAf
)
+ c¯i
(
p
q
√
1− θ2Af + θA¯f
)
ciAf + c¯iA¯f
. (52)
Clearly, if the state n correctly tags P 0, i.e., if c¯i = 0, then Eˆ coincides with E
in Eq. (22). Conversely, if n really identifies P 0, i.e., if ci = 0, then Eˆ = E¯.
Let us define [8, 9]
ξi =
c¯i
ci
p
q
=
〈nP 0|T |i〉
〈nP 0|T |i〉
p
q
(53)
and ξ¯i = 1/ξi. The parameter ξi describes the interference between the produc-
tion process, represented by the two amplitudes ci and c¯i, and the subsequent
P 0-P 0 mixing, described by q/p. We want to consider cases in which, although
n is not a perfect tag for P 0 (or for P 0), the mis-tagging is small. Then, we
may treat ξi (or ξ¯i) as a small parameter.
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When f is the semileptonic state X−l+νl, we may in principle measure, if
ξi is small,
Eˆ =
√
1− θ2λl − θ +
√
1− θ2ξi + θξiλl
1 + ξiλl
≈ λl − θ + ξi; (54)
or, if ξ¯i is small,
Eˆ =
√
1− θ2ξ¯iλl − θξ¯i +
√
1− θ2 + θλl
ξ¯i + λl
≈ (ξ¯i + λl)−1 . (55)
If f = X+l−ν¯l, then we may in principle measure, if ξi is small,
Eˆ =
√
1− θ2 − θλ¯l +
√
1− θ2ξiλ¯l + θξi
λ¯l + ξi
≈ (λ¯l + ξi)−1 ; (56)
or, if ξ¯i is small,
Eˆ =
√
1− θ2ξ¯i − θξ¯iλ¯l +
√
1− θ2λ¯l + θ
ξ¯iλ¯l + 1
≈ ξ¯i + λ¯l + θ. (57)
In all cases we have made the approximation of neglecting products of small
parameters.
Equations (54)–(57) should be compared with Eqs. (25) and (26). We see
that, if both neutral mesons can be produced in association with n, then we
may no longer disentangle the CPT-violating parameter θ from the effects of
both mis-tagging and ∆P = −∆Q amplitudes,
Notice that we have only considered cases in which the initial state i cannot
evolve into i¯. This includes cascade decays originating in baryons or charged
mesons, but not cascade decays which start from a heavier neutral-meson-
antimeson system. In the latter cases the analysis is more complicated [7, 9]
because there are two distinct neutral-meson systems evolving in time.
5.1 Di-lepton decays and mis-tagging
It is instructive to view the difficulties with di-lepton decays, discussed in sec-
tion 4, as a particular case of mis-tagging. Let us review the tagging strategy
usually evoked for measurements at the Υ(4S). It is generally assumed that
there are no violations of the ∆B = ∆Q rule in semileptonic decays. Then
the following reasoning applies: 1) although the B0d and the B
0
d produced at
the Υ(4S) oscillate, the antisymmetry of the wave function is preserved by the
linearity of the evolution; 2) hence, if at some instant the right-moving meson is
found (from its semileptonic decay) to be B0d , then the left-moving meson at that
instant is certainly B0d ; 3) that left-moving meson will evolve from that instant
onwards as a tagged B0d ; 4) therefore, time-dependent experiments starting from
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the state Υ(4S) and observing at least one semileptonic decay automatically re-
produce the results obtained with tagged decays.
If we allow for violations of the ∆B = ∆Q rule, then the situation obtained,
in Eqs. (36)–(39), is the same as the one in the right-hand-sides of Eqs. (54)–
(57), but with the substitutions ξi = −λ¯l′ and ξ¯i = −λl′ . The reason is simple:
since we are assuming violations of the ∆B = ∆Q rule, the semileptonic decays
do not provide a perfect tagging of the neutral mesons originated from the
Υ(4S). If the right-moving meson decays at some instant into X ′+l′−ν¯l′ , then
we know that the left-moving meson is, at that instant, in a state which has
zero probability of decaying into X ′+l′−ν¯l′ ; that state is
〈X ′+l′−ν¯l′ |T |P 0〉|P 0〉 − 〈X ′+l′−ν¯l′ |T |P 0〉|P 0〉. (58)
If one observes the decay of that left-moving meson into any other state, at any
other time, then we are effectively working with a (mis)tagged state having
ξi =
p
q
[
−〈X
′+l′−ν¯l′ |T |P 0〉
〈X ′+l′−ν¯l′ |T |P 0〉
]
= −λ¯l′ . (59)
The decays of the Υ(4S) into one semileptonic state and another final state
f thus become equivalent to mis-tagged decays, i.e., to decays in which the
tagging strategy does not work properly.
This analysis has a very important implication: the case of tagged decays
(which would allow us to extract unambiguously the CPT-violating parameter
θ) can never be implemented at the Υ(4S), if one allows for the existence of
∆P 6= ∆Q amplitudes.
The same “no-go theorem” applies to almost all existing or proposed B-
physics experiments. Indeed, one looks almost always for the decay of the
mesons produced in association with the neutral B meson which one wishes
to tag, and that decay may also be affected by new physics. This is clearly
the case for correlated or uncorrelated B0B0 production, but it also occurs for
the production of B−B0X+, if one only identifies the B− through the sign
of the lepton in the final state. The exception occurs in the case of B−B0X+
production, if one detects the B− by a full reconstruction of the event. Although
inefficient, this method guarantees, in principle, that the tagging meson is indeed
a B− and thus, barring new effects in the production mechanism, it identifies
the neutral meson at the time of production as B0.
We should point out that we have not discussed the possibility that there
might be new |∆B| = 2 effects in the decay of the Υ(4S). In this case, the B0dB0d
wave function would no longer have the form in Eq. (30); it would also have
B0dB
0
d and B
0
d B
0
d components. This possibility was hinted at (but not explored)
by Yamamoto in the first article of [25]; he pointed out that it would invalidate
Eq. (41).
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6 Conclusions
In this article we have discussed ways to uncover a signal of CPT violation
using semileptonic decays. We have stressed the fact that such a signal must
be disentangled from new-physics effects in the tagging procedure. These can
be due to ∆P = −∆Q amplitudes in semileptonic decays; but also to flavor-
conservation violations in the production mechanism.
If one assumes the latter to be absent, then one concludes that:
1. The separation between violations of CPT and violations of the ∆P = ∆Q
rule is possible using tagged decays; unfortunately, these studies cannot
be implemented at the Υ(4S) and are difficult to implement elsewhere.
2. One cannot disentangle violations of the ∆P = ∆Q rule from violations
of CPT using di-lepton decays of the state |φ−〉.
3. This can be achieved if one uses both di-lepton and single-lepton decays,
but even then one can only determine the CPT-violating parameter Im θ,
while Re θ remains unknown.
However, one cannot exclude the possibility that there are also new interac-
tions in the production process. Such effects may destroy the notion of “tagged
decays”. They are expected to be negligible when the production mechanism is
mediated by gluons, photons, or by the Z0 boson; the rule of associated produc-
tion should then hold to sufficient accuracy. However, if that is not the case (as,
for example, in cascade decays), then the clear identification of CPT violation
using only semileptonic decays becomes impossible.
Appendix
In this appendix we discuss the unitarity conditions. They are needed in order
to prove Eq. (41). We start from the equation
− d
dt
〈ψ(t)|ψ(t)〉 =
∑
g
|〈g|T |ψ(t)〉|2 , (60)
which expresses the conservation of probability in the decay of the state in
Eq. (2). Using Eq. (3) for arbitrary values of ψ1(t) and ψ2(t), one finds that
Eq. (60) yields ∑
g
|Ag|2 = −2 ImR11,
∑
g
∣∣A¯g∣∣2 = −2 ImR22,
∑
g
A∗gA¯g = i (R12 −R∗21) . (61)
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We now express the matrix elements of R in terms of the physical parameters
µa, µb, θ, and δ. We thus obtain the unitarity conditions in the presence of
violations of CPT:∑
g
|Ag|2 = Γ (1 + x Im θ − yRe θ) ,
∑
g
∣∣A¯g∣∣2 = Γ (1− x Im θ + yRe θ) ,
∑
g
q
p
A∗gA¯g = Γ
(y + iδx)Re
√
1− θ2 − (x− iδy) Im√1− θ2
1 + δ
. (62)
In Eqs. (60)–(62) the sums run over all the available decay modes g.
Kenny and Sachs [28] have questioned the use of some simpler unitarity
conditions when testing CPT invariance, on the grounds that one of the as-
sumptions of the CPT theorem is the hermiticity of the interactions. However,
our derivation of the unitarity conditions is directly rooted on the conservation
of probability expressed by Eq. (60), and not on the hermiticity of the Hamilto-
nian. We would agree with Tanner and Dalitz [13], who argue that any theory
which violates Eq. (60) should probably be regarded as physically unacceptable.
We need the following integrals:∫ +∞
0
dt |g+(t)|2 = 2 + x
2 − y2
2Γ (1− y2) (1 + x2) ,∫ +∞
0
dt |g−(t)|2 = x
2 + y2
2Γ (1− y2) (1 + x2) ,∫ +∞
0
dt g∗+(t)g−(t) =
−y (1 + x2)− ix (1− y2)
2Γ (1− y2) (1 + x2) . (63)
Remembering Eqs. (19), one may use Eqs. (62) and (63) to show that∫ +∞
0
dt
∑
g
∣∣〈g|T |P 0(t)〉∣∣2 = 1,
∫ +∞
0
dt
∑
g
∣∣∣〈g|T |P 0(t)〉∣∣∣2 = 1, (64)
as one would expect. Also,∫ +∞
0
dt
∑
g
〈g|T |P 0(t)〉 〈g|T |P 0(t)〉∗ = 0. (65)
Equation (41) follows from Eqs. (64) and (65). A result similar to Eq. (41),
but with φ− substituted by the state with P- and C-parity +1, also holds [25],
as one would expect on the basic grounds of the conservation of probability.
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